Manganese (Mn) cation diffusion facilitators (Mn-CDFs) play important roles in the Mn homeostasis of plants. In rice, the tonoplast-localized Mn-CDF metal tolerance protein 8.1 (MTP8.1) is involved in Mn detoxification in the shoots. This study functionally characterized the Mn-CDF MTP8.2 and determined its contribution to Mn tolerance. MTP8.2 was found to share 68% identity with MTP8.1 and was expressed in both the shoots and roots, but its transcription level was lower than that of MTP8.1. Transient expression of the MTP8.2:green fluorescent protein (GFP) fusion protein and immunoblotting studies indicated that MTP8.2 was also localized to the tonoplast. MTP8.2 expression in yeast conferred tolerance to Mn but not to Fe, Zn, Co, Ni or Cd. MTP8.2 knockdown caused further growth reduction of shoots and roots in the mtp8.1 mutant, which already exhibits stunted growth under conditions of excess Mn. In the presence of high Mn, the MTP8.2 knockdown lines of the mtp8.1 mutant showed lower root Mn concentrations, as well as lower root:total Mn ratios, than those of wild-type rice and the mtp8.1 mutant. These findings indicate that MTP8.2 mediates Mn tolerance along with MTP8.1 through the sequestration of Mn into the shoot and root vacuoles.
Introduction
Manganese (Mn) is an essential micronutrient for plants across all growth stages. The availability of Mn for plant uptake is highly dependent on soil pH and oxidation-reduction processes. In well-aerated calcareous soils, plants are commonly subjected to Mn deficiency owing to the low solubility of Mn in the soil (Reuter et al. 1988 ). However, in acidic (pH 5.0) or insufficiently drained soils with low redox potential, available Mn increases, which can lead to Mn toxicity in plants (Horst 1988) . The visible symptom of Mn deficiency is diffuse interveinal chlorosis on young expanded leaves (Grundon et al. 1997) , whereas Mn toxicity is characterized by the presence of brown spots on mature leaves owing to the peroxidation of phenolics in the apoplast (Führs et al. 2009 ). Because soil conditions are subject to temporal and spatial change, plants must cope with Mn fluctuations in soil to maintain Mn homeostasis. Studies have revealed that membrane transporters play a crucial role in the maintenance at both the cellular and subcellular levels.
Progress has been made toward identifying the specific membrane transporters and associated mechanisms responsible for Mn uptake by plant roots. For example, root-localized natural resistance-associated macrophage protein 1 (AtNRAMP1) mediates high-affinity Mn uptake in Arabidopsis thaliana (Cailliatte et al. 2010) . At the post-uptake stage, zrt/irt-like protein 1 (AtZIP1) and AtZIP2 have been identified as Mn transporters required for root-to-shoot Mn translocation (Milner et al. 2013) . Yellow stripe-like 2 (OsYSL2) appears to be involved in longdistance Mn transport via the phloem in rice (Oryza sativa) (Koike et al. 2004 , Ishimaru et al. 2010 . These proteins act with several other major protein families that catalyze intracellular Mn trafficking and sequestration: cation exchanger, calcium cation exchanger, P 2A -type ATPase, cation diffusion facilitator (CDF) and vacuolar iron transporter (Pittman 2005 , Williams and Pittman 2010 , Socha and Guerinot 2014 , Shao et al. 2017 . Among them, the CDF family plays an important role specifically in Mn homeostasis.
The CDF family is phylogenetically ubiquitous and has been classified into three major subfamilies, namely Zn-CDF, Fe/Zn-CDF and Mn-CDF, on the basis of multiple sequence alignment and analyses of substrate specificities . Of the three, Mn-CDF is further divided into groups 8 and 9 (Gustin et al. 2011) . Within the latter, metal tolerance protein 11 (AtMTP11) from A. thaliana, and its close orthologs PtMTP11.1 and PtMTP11.2 from Populus trichocarpa, localize in either the Golgi network (Peiter et al. 2007) or the pre-vacuolar compartment (Delhaize et al. 2007 ). Studies using yeast mutant strains have found that the expression of these MTP11 genes restores Mn tolerance to wild-type levels and enhances Mn transport activity of its microsomes. In addition, atmtp11 mutants accumulate more Mn than the wild type at basal Mn concentrations and demonstrate hypersensitivity to elevated Mn but tolerance to Mn deficiency (Peiter et al. 2007 ).
Recently, a study examining rice (Ueno et al. 2015) identified OsMTP9 as the plasma membrane-localized transporter that co-operates with OsNRAMP5 in mediating Mn uptake. Similar to AtNRAMP1, OsNRAMP5 is expressed mainly in the roots and acts as a major transporter for root Mn uptake (Ishimaru et al. 2012 , Sasaki et al. 2012 . Knockout of OsNRAMP5 eliminates nearly all the roots' Mn uptake ability and causes significant growth reduction under low-Mn conditions (Ishimaru et al. 2012 , Sasaki et al. 2012 . The protein shows polar localization at the distal side of plasma membranes in the endodermis and exodermis (Sasaki et al. 2012) , whereas OsMTP9 exhibits polar localization at the proximal side. osmtp9 mutants show significantly decreased Mn uptake and translocation to the shoots (Ueno et al. 2015) . The ortholog of MTP9 from Cucumis sativus is the first MTP identified in dicots to catalyze Mn export from the endodermal cells to the vascular cylinder (Migocka et al. 2015) .
Group 8 Mn-CDF members are generally implicated in vacuolar Mn sequestration, although HvMTP8.1 and HvMTP8.2 from Hordeum vulgare are exceptions, which appear to reside in the Golgi apparatus (Pedas et al. 2014) . The first group 8 protein to be characterized was ShMTP8, from the Mn-tolerant legume Stylosanthes hamata, which confers Mn tolerance when overexpressed in A. thaliana (Delhaize et al. 2003) . Overexpression of cucumber CsMTP8 also enhances Mn tolerance in yeast and A. thaliana (Migocka et al. 2014) . Interestingly, the Arabidopsis ortholog AtMTP8 was isolated while screening for transfer DNA (T-DNA) insertion mutants that were sensitive to Fe deficiency (Eroglu et al. 2016) . AtMTP8 is up-regulated by Fe limitation, as well as Mn excess, and plays a role in preventing the antagonistic interference of Mn with Fe nutrition (Eroglu et al. 2016) . Moreover, Chen et al. (2013) found that disruption of the rice analog OsMTP8.1 caused decreased Chl content in young leaves and growth inhibition in the presence of high Mn concentrations. A detailed survey of the rice genome (Gustin et al. 2011 ) identified the group 8 member OsMTP8, the closest homolog of OsMTP8.1, but its function remains unknown. Here, the newly identified OsMTP8 was designated as OsMTP8.2 to differentiate the protein from OsMTP8.1.
Although Mn-CDFs in different plant species have been functionally characterized, there have been limited knockout or knockdown studies, which are critical for understanding the exact role of this family of proteins. In the present study, we investigated (i) MTP8.2 functions and (ii) the effect of MTP8.2 disruption on Mn homeostasis in rice. The findings might provide important details on the role of MTP8.2 along with MTP8.1 in Mn vacuolar sequestration, contributing to a clearer understanding of Mn detoxification in the shoots and roots of rice.
Results

MTP8.2 is the closest homolog of MTP8.1
Of the five Mn-CDF members in rice (MTP8.1/8.2/9/11/11.1), MTP8.2 and MTP8.1 are thought to be the products of duplication events (Gustin et al. 2011 ); thus, they show a high degree of identity (68%). Rice MTP8.2 also shares a high degree of identity to MTP8 in Stylosanthes hamata (64%, GenBank accession No. AAO38707), Cucumis sativus (65%, GenBank accession No. AFJ24703) and A. thaliana (62%, GenBank accession No. ANM64639). These non-rice MTP8s are implicated in Mn sequestration into vacuoles (Delhaize et al. 2003 , Migocka et al. 2014 , Eroglu et al. 2016 .
The MTP8.2 sequence comprises 410 amino acids residues (45.7 kDa) and is predicted to contain six transmembrane domains. The consensus sequence DxxxD (x = any amino acid) ) of Mn-CDF members is conserved in MTP8.2 and localizes to the second and fifth transmembrane domains ( Supplementary Fig. S1C ). The 'Dongjin' and 'Nipponbare' MTP8.2 genes were identical.
MTP8.2 localizes to the tonoplast of shoot and root cells and does not respond to Mn
Western blot analysis with the antibody against MTP8.2 detected bands that exhibited the predicted size of the MTP8.2 monomeric form in wild-type shoot and root microsomes (Fig. 1A) . Two additional bands of around 100 kDa, possibly derived from dimers or oligomers of MTP8.2, were also prominent in the wild-type shoot extracts. No distinct bands appeared in microsomes from the shoots or roots of the mtp8.2 mutant, indicating that the antibody specifically detected MTP8.2. The levels of MTP8.2 and its transcript were generally similar between shoots and roots (Fig. 1A, B) . Analysis of spatial expression in shoots showed that MTP8.2 expression tended to be higher in older leaf blades but was lower than MTP8.1 expression (Fig. 1B) . In the roots, MTP8.2 expression was onethird that of MTP8.1 in the exodermis, while no differences were observed in the endodermis and the stele (Fig. 1C) .
To investigate subcellular localization, MTP8.2:GFP was transiently expressed in onion epidermal cells. Fluorescence of the green fluorescent protein (GFP) fusion protein was detected in the cell periphery but not in the nucleus, and it co-localized with the tonoplast marker red fluorescent protein (RFP):syntaxin of plants 51 (SYP51) ( Fig. 2A-D) . In contrast, fluorescence was observed in the nucleus and cytosol of cells transformed with GFP alone (Fig. 2E) . Immunostaining with the anti-MTP8.2 antibody showed that the MTP8.2 signal (red) was detected inside the cells along with autofluorescence originating from the nucleus, cell wall and chloroplast (Fig. 2F ). When merged with the differently colored autofluorescence of the nucleus or cell wall (blue, Fig. 2G ) and the chloroplast (cyan, Fig. 2H ), the original MTP8.2 signal was observed in the tonoplast-like region (Fig. 2I) . Moreover, Western blot analysis showed that MTP8.2 was detected in the same fraction as V-ATPase (Fig. 2J) . Together, these results indicate that MTP8.2 is localized to the tonoplast.
MTP8.2 and its transcript in both the shoots and roots were unaffected by exposure to low or high Mn (Supplementary Figs. S2, S3). Eroglu et al. (2016) found that AtMTP8 expression was strongly increased by Fe deficiency. In rice, MTP8.2 expression was not induced by Fe deficiency ( Supplementary Fig. S4A , B), while the expression of the Fe deficiency marker gene YSL2 was strongly up-regulated ( Supplementary Fig. S4C ). The expression was also unaffected by Zn or Cu deficiencies ( Supplementary  Fig. S4A , B, D, E). Thus, MTP8.2 is expressed in a constitutive manner.
MTP8.2 confers Mn tolerance in yeast
The complementation assay revealed that mutant yeast strains carrying either the pYES2 empty vector or pYES2-MTP8.2 grew similarly under control conditions (Fig. 3) . The expression of MTP8.2 reversed pmr1 growth defects in the presence of high Mn concentrations. MTP8.2:GFP expression similarly rescued Mn sensitivity of pmr1 ( Supplementary Fig. S5 ), thereby suggesting that the fusion protein plays the same role as MTP8.2. In contrast, MTP8.2 expression did not restore sensitivity to Fe (ccc1), Zn, Co, Ni (zrc1cot1) or Cd (ycf1). This result suggests that MTP8.2 is an Mn-specific transporter.
Knockdown of MTP8.2 reduced Mn tolerance and accumulation
Disruption of MTP8.1, the closest homolog to MTP8.2, has been found to result in an Mn-sensitive phenotype (Chen et al. 2013) . In the present study, however, disruption of MTP8.2 hardly affected Mn tolerance. The shoot and root growth of wildtype and mtp8.2 plants were similarly inhibited by Mn excess ( Supplementary Fig. S6A , B). MTP8.2 knockout did not alter the Mn concentration in the shoots and roots of the wild type under normal levels of Mn ( Supplementary Fig. S6C, D) . Moreover, shoot Mn concentration did not differ between wild-type and mtp8.2 lines under elevated Mn levels ( Supplementary Fig. S6E ), whereas the Mn concentration in mtp8.2 roots decreased to 78% of the concentration in wildtype plants ( Supplementary Fig. S6F ). The tonoplast marker protein V-ATPase, detected using a specific antibody, was used as an internal control between WT and mtp8.2 plants. (B, C) MTP8.1 and MTP8.2 expression in the leaf blades, sheaths and roots (B), and root cross-sections (C). The leaf blades are numbered in order of age, from the oldest to the youngest. The expression levels in each tissue are shown relative to the MTP8.2 expression in the leaf sheath and exodermis, respectively. Histone H3 was used as an internal control for each experiment. Data represent the mean ± SD [n = 4 (B), n = 3 (C)]. Significant differences between MTP8.1 and MTP8.2 expression were calculated using the Student's t-test and are indicated by **P < 0.01 and *P < 0.05. 0 ,6-diamidino-2-phenylindole (DAPI) and cell wall autofluorescence, (H) Chl autofluorescence and (I) a combined image of the three channels. Arrowheads indicate a DAPI-stained nucleus. Scale bar = 10 mm. (J) Western blot analysis of MTP8.2 in membrane fractions prepared with a discontinuous sucrose density gradient. Antibodies to marker proteins of the tonoplast (anti-V-ATPase), endoplasmic reticulum (anti-Bip) and plasma membrane (anti-H + -ATPase) were used to probe the blots. On the basis of some functional overlaps, it was hypothesized that MTP8.1 may complement the roles of MTP8.2 and obscure Mn sensitivity in mtp8.2. To avoid the intervention of MTP8.1, MTP8.2 was knocked down in mtp8.1. MTP8.2 expression and protein accumulation were significantly lower in three independent MTP8.2 knockdown lines of the mtp8.1 background (mtp8.2i/mtp8.1) than in mtp8.1 (Supplementary Fig.  S7 ). The shoot and root growth of mtp8.2i/mtp8.1 was similar to those of the wild-type and mtp8.1 plants under normal (0.5 mM) Mn concentrations (Fig. 4A, B) . However, in the presence of high Mn (200 mM), the growth of mtp8.2i/mtp8.1 mutants significantly decreased (Fig. 4C, D) , accompanied by severe necrosis and chlorosis in the leaf blades ( Fig. 4E-G) .
Under normal Mn, there was no difference in shoot and root Mn concentrations (Fig. 5A, B) or the root to total Mn ratios (Fig. 5C ) across the lines. Under excess Mn, shoot Mn concentration was similar (Fig. 5D) ; however, root Mn concentrations across mtp8.2i/mtp8.1 decreased to half and one-fifth of mtp8.1 and the wild type, respectively (Fig. 5E) . The Mn concentration in the leaf blades of mtp8.2i/mtp8.1 was similar to that of the wild type ( Supplementary Fig. S8 ), regardless of Mn toxicity symptoms (Fig. 4E, G) . In terms of the root:total Mn ratio, 2.6% of total Mn was located in mtp8.1 roots and 8.9% in wild-type roots, but only 1.1-1.5% was located in the roots of mtp8.2i/mtp8.1 mutants (Fig. 5F ). The reduction in root:total Mn ratio in mtp8.2i/mtp8.1 mutants suggests the function of MTP8.2, independent of MTP8.1, in sequestering Mn to root vacuoles.
The reduced shoot biomass resulting from Mn toxicity can indirectly inhibit root growth (Fig. 4C, D) . To investigate the direct effect of MTP8.2 knockdown on Mn tolerance in roots, primary root elongation of germinating seeds was compared. In the absence of Mn, no difference was observed in root elongation between lines (Fig. 6A, B) . However, under excessive Mn, root elongation in mtp8.2i/mtp8.1 mutants was more inhibited than in the wild-type and mtp8.1 plants (Fig. 6A, B) , despite the lower Mn concentration in the roots (Fig. 6C) . Moderate Mn toxicity towards root elongation was also observed in mtp8.2 ( Supplementary Fig. S6G ). In contrast, MTP8.2 knockdown did not alter tolerance to other heavy metals ( Supplementary Fig.  S9 ). These results suggest that MTP8.2 directly and specifically mediates Mn tolerance in rice roots.
MTP8.2 expression in the primary root was hardly affected by Mn and other heavy metal excess ( Supplementary Fig. S10 ). In the case of MTP8.1, the expression was altered by excess Mn, Zn and Co, but the difference was <2-fold compared with the control. This result indicates that the expression of MTP8.2 and MTP8.1 is also substantially constitutive at the germination stage.
Discussion
Mn concentrations in soil solution may vary from <0.1 mM in well-aerated alkaline soils to >400 mM in submerged conditions (Marschner 1988) . Rice can grow and produce seeds in both conditions owing to efficient mechanisms that regulate and transport Mn throughout the plant. Specifically, the influx transporter NRAMP5 and efflux transporter MTP9 are involved in unidirectional Mn transport from the rhizosphere to the root stele, while node-localized NRAMP3 mediates preferential Mn distribution to developing tissues under Mn-limited conditions and to old tissues under excess Mn conditions (Sasaki et al. 2012 , Ueno et al. 2015 . In the latter case, MTP8.1 and YSL6 subsequently detoxify Mn through vacuolar sequestration and by lowering the Mn concentration in the apoplast in old leaves, respectively (Sasaki et al. 2011 , Chen et al. 2013 . Nonetheless, roots are still constantly exposed to high Mn, and the redox potential in roots is not high enough to oxidize and immobilize the metal in the apoplast (Führs et al. 2010) . Therefore, intracellular mechanisms to decrease free Mn 2+ ions in the cytoplasm are also required in the roots. This study identified MTP8.2 as another vacuolar Mn transporter that, together with MTP8.1, is crucial for Mn tolerance in both the shoots and roots of rice.
MTP8.2 is a functional homolog of MTP8.1, and it is localized to the tonoplast (Fig. 2) and might be a specific Mn transporter (Fig. 3) . Yeast study showed that the expression of MTP8.2:GFP, which resided in the tonoplast in plant cells ( Fig. 2A-D) , restored Mn sensitivity ( Supplementary Fig. S5 ). In hydroponic cultures, much less Mn was found to be distributed in the roots of mtp8.2i/mtp8.1 mutants compared with mtp8.1 (Fig. 5F) , suggesting a disruption of the ability to store Mn in root cell vacuoles. In addition, Mn concentration in the necrotic leaf blades of mtp8.2i/mtp8.1 mutants was not different from that in the healthy leaf of the wild type ( Supplementary Fig. S8 ), suggesting that the necrosis is mostly due to unsequestrated Mn. These results are consistent with the hypothesized function of MTP8.2 in Mn vacuolar sequestration, which is also supported by data on CsMTP8, the closest ortholog in C. sativus. The latter protein exhibited Mn transport activity in vesicles derived from the tonoplast of yeast expressing CsMTP8 (Migocka et al. 2014) . Furthermore, MTP8 orthologs from other plant species are highly specific to Mn (Delhaize et al. 2003 , Williams and Pittman 2010 , Eroglu et al. 2016 , and the results from the present study support this characteristic; neither heterologous expression nor knockdown of MTP8.2 in yeast and plants restored sensitivity to heavy metals other than Mn ( Fig. 3; Supplementary Fig. S9 ).
MTP8.2 and MTP8.1 were highly expressed in the older leaves and were hardly altered by Mn levels ( Supplementary  Figs. S2 , S3, S10; Chen et al. 2013 ). This expression pattern in rice is suitable for growth in continuously submerged paddies with high Mn availability, where Mn tends to accumulate in older leaves ). In contrast, MTP8 genes from Arabidopsis and cucumber are mainly expressed in the roots and are up-regulated in response to high Mn (Migocka et al. 2014 , Eroglu et al. 2016 . This is because in plants that accumulate Mn mainly in the roots, MTP8 might be required to cope with transient increases in available Mn that occur as a result of intermittent waterlogging. Furthermore, unlike AtMTP8 (Eroglu et al. 2016 ), MTP8.2 expression was found to be hardly affected by Fe deficiency (Supplementary Fig. S4 ). The expression of Fe deficiency-responsive genes, such as IDEF1, IDEF2, IRO2 and IRT1, was unaffected by MTP8.2/8.1 disruption under high Mn (data not shown), whereas orthologous genes in Arabidopsis are up-regulated in atmtp8 lines (Eroglu et al. 2016) . The difference in MTP8 expression in terms of Fe deficiency might be related to the Fe acquisition system and soil condition. AtMTP8 functions in sequestering excess Mn that is taken up by AtIRT1 with a broad specificity under Fe deficiency (Eroglu et al. 2016) . In rice, the contribution of IRT1 to Mn uptake is negligible when compared with NRAMP5 (Sasaki et al. 2012 ). In addition, available Fe in submerged soil is sufficiently high for vigorous growth in rice. Taken together, rice MTP8s are thought not to be involved in Fe homeostasis. Although MTP8.2 expression did not respond to heavy metal stresses, the expression has moderate diurnal variation according to RiceXPro (http://ricexpro.dna.affrc.go.jp/). MTP8.2 expression in other tissues was also found at the reproductive stage, with lower intensity than in roots and leaves at the vegetative stage (http://ricexpro.dna.affrc.go.jp/).
As expected from its involvement in the tolerance to Mn toxicity in the leaves, MTP8.1 is localized mainly in the shoots (Chen et al. 2013 ). Although MTP8.2 was detected in the roots as well as the shoots (Fig. 1A) , MTP8.2 transcription was similar to that of MTP8.1 in the roots (Fig. 1B) . In addition, MTP8.2 expression was lower than that of MTP8.1 in the exodermis (Fig.  1C) and aerial parts (Fig. 1B) . If MTP8.2 is a true functional homolog of MTP8.1, these results appear to indicate that the former is a minor player in Mn tolerance compared with the latter. In support of this possibility, knocking out MTP8.2 had little effect on Mn tolerance ( Supplementary Fig. S6 ), whereas the knockout and knockdown of MTP8.1 resulted in Mn sensitivity (Chen et al. 2013) . However, the importance of MTP8.2 for Mn tolerance became clear once its expression was inhibited in the mtp8.1 mutant. Under excess Mn concentrations that failed to affect mtp8.1, all MTP8.2 knockdown lines exhibited symptoms of Mn toxicity, such as growth reduction and necrosis/chlorosis in the shoots (Fig. 4) .
Furthermore, MTP8.2 knockdown caused a greater reduction in primary root elongation than the mtp8.1 single mutant (Fig. 6) . In comparison with previous research examining Mn tolerance in plant roots, this study provides the first direct evidence of the underlying molecular mechanism using knockdowns and knockouts. For example, while Migocka et al. (2014) showed that MTP8 in C. sativus was predominantly expressed in the roots and conferred Mn resistance in A. thaliana when ectopically overexpressed, the exact role of MTP8 in the plant remained unclear without loss-of-function studies. Moreover, other studies demonstrating root growth inhibition under elevated Mn, e.g. in knockouts of AtMTP11 (Peiter et al. 2007) or the Mn exporter AtCAX4 (Mei et al. 2009 ), failed to account for the possibility that these effects might be indirectly caused by impaired shoot growth during long-term cultures with high Mn. The present study could directly examine the effect on roots by comparing primary root elongation. Although <10% of total Mn was distributed in roots ( Fig. 5F ), probably partly because of comparatively lower expression, MTP8.2 and MTP8.1 are nevertheless important for Mn tolerance in rice roots.
In conclusion, MTP8.2 localizes to the tonoplast and may be a specific Mn transporter mediating vacuolar sequestration in concert with MTP8.1. The MTP8.2 knockdown mutant mtp8.1 revealed the importance of MTP8.2 in Mn tolerance. This study is, to our knowledge, the first to report direct evidence that this protein mediates Mn detoxification in the roots. Future studies should focus on the detailed tissue localization of MTP8.2 as well as of MTP8.1.
Materials and Methods
Plant materials and culture conditions
This study used the following plant materials: the wild-type rice (Oryza sativa L.) cultivars 'Dongjin' and 'Nipponbare'; a T-DNA insertion mtp8.2 mutant (3A-02056) of the 'Dongjin' background, referred to as mtp8.2 herein; a Tos-17 insertion mtp8.1 mutant (NF9003) (Chen et al. 2013 ) of the 'Nipponbare' background, referred to as mtp8.1 herein; and three independent MTP8.2 knockdown lines of the mtp8.1 background, referred to as mtp8.2i/mtp8.1 herein. The T-DNA insertion was in the fourth exon of the MTP8.2-coding region in the mutant allele ( Supplementary Fig. S1A ), and it completely inhibited MTP8.2 transcription (Supplementary Fig. S1B ).
Detailed culture conditions were described previously (Chen et al. 2013) . To investigate the effect of MTP8.2 knockout on Mn tolerance and accumulation, the wild type ('Dongjin') and mtp8.2 were grown for 20 d in 1/2 Kimura B and then for 7 d in an Mn solution (0.5 or 1,000 mM). Similarly, the effect of MTP8.2 knockdown was examined by exposing wild-type ('Nipponbare'), mtp8.1 and mtp8.2i/mtp8.1 lines to a solution containing 0.5 or 200 mM Mn for 10 d. After the treatments, the roots were washed twice with deionized water, and the shoots and roots were separately harvested. The samples were then dried at 70 C for 2 d, weighed and subjected to the determination of metal concentrations.
Cloning of MTP8.2
To clone MTP8.2 cDNA, total RNA was extracted from 'Dongjin' with the RNeasy Plant Mini Kit (Qiagen), treated with DNase I and converted to Fig. 6 Direct effect of MTP8.2 knockdown on Mn tolerance in roots. Primary root (approximately 1 cm) of the wild type (WT), mtp8.1 and three independent MTP8.2-RNAi lines generated from mtp8.1 was exposed to 0.5 mM CaCl 2 alone or supplemented with 2 mM Mn for 24 h. (A) Photograph showing root length after treatment, (B) rate of root elongation relative to the WT and (C) Mn concentration in the roots. Data represent the mean ± SD [n = 8-12 (B), n = 3 (C)]. Different letters indicate a significant difference at P < 0.01 using Tukey's test. cDNA using SuperScript II reverse transcriptase (Life Technologies). Full-length MTP8.2 cDNA was amplified by reverse transcription-PCR (RT-PCR) using primers 5 0 -AGGCGACCAGTTCATCCTCCG-3 0 and 5 0 -AACCAAACCAGTGGA AGACTGTA-3 0 . These primers targeted the 5 0 -and 3 0 -untranslated region (UTR) of the MTP8.2 sequence deposited in the Rice Genome Annotation Project (LOC_Os02g53490; http://rice.plantbiology.msu.edu/). Because the 5 0 -UTR sequence information was unavailable from LOC_Os02g53490, the expected 5 0 -UTR sequence was obtained from the upstream region of Os02g0775100, which was the partial sequence deposited in the Rice TOGO Browser (http://agri-trait.dna.affrc.go.jp/keyword-search.php). Resultant PCR fragments were subcloned into a pGEM-T Easy vector (Promega) and sequenced using a BigDye sequencing kit (Applied Biosystems) on a sequence analyzer (3130 Genetic Analyzer; Applied Biosystems). Protein transmembrane domains were predicted using the HMMTOP server (version 2.0, http://www. enzim.hu/hmmtop/).
Semi-quantitative and quantitative RT-PCR analyses
MTP8.2 expression in T-DNA lines was analyzed by semi-quantitative RT-PCR. MTP8.2 fragments were amplified from cDNA using primers 5 0 -ATCTGA GGATATGCGCTTGG-3 0 and 5 0 -AAAGCACGCTCAACTTCTGG-3 0 . In addition, the tissue-specific expression of MTP8.1 and MTP8.2 was investigated by quantitative real-time RT-PCR using the same primers as above for MTP8.2, as well as 5 0 -AAGGAGGCACATGCTATTGG-3 0 and 5 0 -ATGTTGTG CTCTGGCTTGTG-3 0 for MTP8.1. The cDNAs used as templates were prepared from leaf blades, leaf sheaths and roots. The cDNAs from exodermis, and endodermis with the stele were prepared with the Laser Microdissection System LCC1704 (Molecular Devices) using tissue excised at 2.5 cm from the root apex, following Fujii et al. (2012) . To determine the dose-dependent expression pattern, the cDNAs were prepared from the shoots and roots of plant treated for 10 d with varying concentrations of Mn (0.05-1,000 mM). To investigate the effect of Fe, Zn and Cu deficiencies, the plants were cultured for 10 d in the absence of those metals. The expression of the transporter genes YSL2 (LOC_Os02g43370), ZIP4 (LOC_Os08g10630) and copper transporter 5 (COPT5) (LOC_Os05g35050)-markers for deficiencies of Fe, Zn and Cu, respectively-were checked to verify each deficiency. The primers used were 5 0 -GAGGGACAACGGTGTCATTGCTGGT-3 0 and 5 0 -TGCAGAAAAGC CCTCGACGCCAAGA-3 0 for YSL2, 5 0 -TACATGTCCCTGGTCGATCTC-3 0 and 5 0 -TGGCAAGCAGAGACATCATC-3 0 for ZIP4, and 5 0 -GCTGTCTCGCTCGTC ATGGT-3 0 and 5 0 -CACACACACAAAACATCAACAA-3 0 for COPT5. Histone H3 (LOC_Os06g04030) was selected as an internal control using the primers 5 0 -GGTCAACTTGTTGATTCCCCTCT-3 0 and 5 0 -AACCGCAAAATCCAAAG AACG-3 0 . Expression levels were analyzed with a Thunderbird SYBR qPCR mix (Toyobo) on a Prism 7300 Real-time PCR System (Applied Biosystems). The amplification efficiencies of MTP8.1 and MTP8.2 were calculated as 102.8% and 102%, respectively.
Western blot analysis
To raise polyclonal antibodies against MTP8.2, rabbits were immunized with the peptide CESTHKPEHRVRSRLPSTEP (positions 392-410 of MTP8.2), which was synthesized and conjugated to a carrier protein by Sigma Life Science. Microsomal membrane was prepared from approximately 10 g of wild-type ('Dongjin') and mtp8.2 shoots and roots (1-month-old plants) to determine subcellular localization according to the methods of Sugiyama et al. (2007) . The microsomes were then fractionated using a continuous sucrose density gradient, as per Mitani et al. (2011) . To examine the effect of Mn deficiency or excess on MTP8.2 accumulation, microsomes were prepared from the shoots and roots of 'Dongjin' treated with varying concentrations of Mn [0 (deficient), 0.5 (adequate), 50 and 200 mM (excessive)] for 5 d. The MTP8.2 accumulation in microsomes prepared from mtp8.1 and mtp8.2i/mtp8.1 shoots (20 d old) was also compared. SDS-PAGE and chemiluminescence detection of the antigen-antibody complexes were performed according to Chen et al. (2013) . The signal intensity was amplified using an immunoreaction enhancer solution (Can Get Signal; Toyobo). Anti-V-ATPase (Agrisera), anti-Bip (Cosmo Bio) and anti-H + -ATPase (Agrisera) polyclonal antibodies were used for detecting the tonoplast, endoplasmic reticulum and plasma membrane, respectively.
Transient expression of the MTP8.2:GFP fusion protein
An MTP8.2 cDNA fragment was amplified from the pGEM-T Easy-MTP8.2 plasmid using the primers 5 0 -AATCCGGAATGGACGGCGACGACC-3 0 and 5 0 -TTA CCGGTAGGCTCAGTAGAGGGC-3 0 . The fragment was ligated to the 5 0 end of GFP carrying a linker sequence (encoding six additional amino acids, GGGGGG), and placed under the control of the Cauliflower mosaic virus 35S promoter in pUC18. The plasmid was introduced into onion epidermal cells by particle bombardment as described previously (Chen et al. 2013 ). The tonoplast marker was selected as RFP:SYP51, a soluble N-ethylmaleimide-sensitive factor attachment protein receptor molecule mediating vesicle fusion at the tonoplast (Uemura et al. 2004 ). The fluorescence of GFP and RFP was observed using confocal laser scanning microscopy (LSM700; Carl Zeiss).
Immunostaining of MTP8.2
Subcellular localization was further investigated by immunostaining. 'Dongjin' leaf blades were used for detecting MTP8.2, as described previously (Yamaji and Ma 2007) . Nuclei were also stained with 4 0 ,6-diamidino-2-phenylindole. The fluorescence of the secondary antibody (Alexa Fluor 555 goat anti-rabbit IgG; Molecular Probes) was observed using confocal laser scanning microscopy (LSM700).
Yeast complementation test
The MTP8.2 cDNA was amplified from the pGEM Teasy-MTP8.2 plasmid using primers 5 0 -AGGTACCAACAATGGACGGCGACGA-3 0 and 5 0 -TGGATCCTCAA GGCTCAGTAGAG-3 0 , and ligated into the KpnI and BamHI sites of the yeast expression vector pYES2. The MTP8.2:GFP cDNA was amplified from pUC18-MTP8.2:GFP plasmid DNA constructed as described above using the primers 5 0 -AGGTACCAACAATGGACGGCGACGA-3 0 and 5 0 -AACTAGTTACTTGTACAG CTCGTCC-3 0 , and ligated into the KpnI and XbaI sites of the vector. The pYES2-MTP8.2, pYES2-MTP8.2:GFP or pYES2 empty vector was introduced to the following yeast (Saccharomyces cerevisiae) mutant strains: pmr1 (Mat a his3Á1 leu2Á0 met15Á0 ura3Á0 PMR1::kanMX4), ccc1 (Mat a his3Á1 leu2Á0 met15Á0 ura3Á0 CCC1::kanMX4), zrc1cot1 (Mat a his3Á1 leu2Á0 met15Á0 ura3Á0 ZRC1::natMX COT1::kanMX4) (Dräger et al. 2004 ) and ycf1 (Mat a his3Á1 leu2Á0 met15Á0 ura3Á0 YCF1::kanMX4). These strains are hypersensitive to Mn, Fe, Zn/Co/Ni and Cd, respectively. Each transformant was precultured in a synthetic complete medium comprising yeast nitrogen base (Difco), amino acids without uracil and 2% glucose (SC-U/Glu, pH 5.0) to achieve log-phase growth (OD 600 0.5-1.0). The cells were harvested by centrifugation, washed and resuspended to OD 600 0.2 with sterile water. Four 5-fold serial dilutions were prepared in sterile water for each culture. Next, 5 ml of each dilution was spotted onto SC-U plates containing 2% galactose (SC-U/Gal), with or without supplementation of the following metal compounds: MnCl 2 (0.15 and 0.3 mM), FeSO 4 (3.0 and 6.0 mM) plus 1 mM ascorbic acid, ZnSO 4 (0.15 and 0.3 mM), CoCl 2 (0.15 and 0.3 mM), NiCl 2 (0.75 and 1.5 mM) and CdCl 2 (20 and 40 mM). The plates were incubated for 48 h at 30 C in the dark.
Generation of MTP8.2 knockdown lines
To prepare a hairpin RNA interference (RNAi) construct, a 285 bp fragment of MTP8.2 (241-525 bp from the start of transcription) was cloned as inverted repeats into the pANDA vector (Miki and Shimamoto 2004) , under the control of the maize ubiquitin promoter. The primers used for amplifying the fragment were 5 0 -AAAAAGCAGGCTTCAAAATCTTCGAGGAGGTGGAGG-3 0 and 5 0 -AG AAAGCTGGGTTCGGATACTTGTAAATGTTCACA-3 0 . The MTP8.2-RNAi lines were generated in mtp8.1 according to Hiei et al. (1994) . Before their use in the experiments, the T 1 plants were checked for the insertion of a selectable marker gene, hygromycin B phosphotransferase, by PCR with primers 5 0 -GAGAGCCTG ACCTATTGCATCTC-3 0 and 5 0 -TATCGGCGAGTACTTCTACACAGC-3 0 . The expression levels of MTP8.2 in the RNAi lines were estimated using quantitative RT-PCR (see 'Semi-quantitative and quantitative RT-PCR analyses').
Relative root elongation analysis
Seeds of wild-type, mtp8.1 and mtp8.2i/mtp8.1 lines were germinated in flowing tap water at 12-16 C for 6-13 d. The germinating seeds were pre-cultured on a net suspended over 0.5 mM CaCl 2 solution for 24 h at 25 C until the primary roots elongated to approximately 1 cm. The seedlings were then exposed to 0.5 mM CaCl 2 solution at 25 C, either alone or supplemented with toxic concentrations of MnCl 2 (2 mM), ZnSO 4 (50 mM), CuCl 2 (0.4 mM), NiCl 2 (2 mM), CoCl 2 (8 mM) or CdCl 2 (4 mM). After 24 h, root length was measured, and the roots were washed twice with distilled water, weighed and subjected to the determination of Mn concentration. The MTP8.2 and MTP8.1 expression was also analysed (see 'Semi-quantitative and quantitative RT-PCR analyses').
Determination of metal concentration
Fresh and dried samples of roots and shoots were digested with concentrated HNO 3 (60%) at 140 C. Metal concentrations in the digests were determined using atomic absorption spectrometry (AA-6800; Shimadzu).
Statistical analysis
Data were analyzed using Student's t-test, Dunnett's test or Tukey's test. Significance is indicated in the figures by asterisks or different letters.
Supplementary data
Supplementary data are available at PCP online.
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